It is commonly believed that the lowest-lying scalar glueball lies somewhere in the isosinglet scalar mesons f 0 (1370), f 0 (1500) and f 0 (1710) denoted generically by f 0 . In this work we consider lattice calculations and experimental data to infer the glue and qq components of f 0 . These include the calculations of the scalar glueball masses in quenched and unquenched lattice QCD, measurements of the radiative decays J/ψ → γf 0 , the ratio of f 0 decays to ππ and KK, the ratio of J/ψ decays to f 0 (1710)ω and f 0 (1710)φ, the f 0 contributions to B s → J/ψπ + π − , and the near mass degeneracy of a 0 (1450) and K * 0 (1430). All analyses suggest the prominent glueball nature of f 0 (1710) and the flavor octet structure of f 0 (1500).
I. INTRODUCTION
The existence of glueballs is an archetypal prediction of QCD as a confining theory. It is generally believed that the lowest-lying scalar glueball lies somewhere in the isosinglet scalar mesons with masses above 1 GeV. The argument goes as follows. Many scalar mesons with masses lower than 2 GeV have been observed and they can be classified into two nonets: one nonet with mass below or close to 1 GeV, such as f 0 (500) (or σ), K * 0 (800) (or κ), f 0 (980) and a 0 (980) that are widely believed to be composed mainly of four quarks and the other nonet with mass above 1 GeV such as K * 0 (1430), a 0 (1450) and two isosinglet scalar mesons. This means that not all three isosinglet scalars f 0 (1710), f 0 (1500), f 0 (1370) can be accommodated in thenonet picture. One of them could be primarily a scalar glueball. It has been suggested that f 0 (1500) is predominately a scalar glueball in [1] . Lattice calculations indicate that the mass of the low-lying scalar glueball lies in the range of 1.5 − 1.8 GeV (see Table I below). This suggests that f 0 (1370) does not have a sizable glue content. Among the two remaining isoscalar mesons, f 0 (1500) and f 0 (1710), it has been quite controversial as to which of the two is the dominant scalar glueball. Since the glueball is hidden somewhere in the quark sector, this is the main reason why the glueball is so elusive.
In spite of the controversies on the identification of the scalar glueball, the 2006 version of PDG (Particle Data Group) [2] attempted to conclude the status as "Experimental evidence is mounting that f 0 (1500) has considerable affinity for glue and that the f 0 (1370) and f 0 (1710) have large uū + dd and ss components, respectively". This has been toned down to "The f 0 (1500) or, alternatively, the f 0 (1710) have been proposed as candidates for the scalar glueball" in the latest version of PDG.
Using the CLEO data, Dobbs et al. [3] have recently analyzed the radiative decays of J/ψ and ψ(2S) into ππ, KK and ηη. They have determined the product branching fractions for the radiative decays of J/ψ and ψ(2S) to scalar resonances such as f 0 (1370), f 0 (1500), f 0 (1710) and found (see also Table II) R(f 0 (1710)) ≡ Γ(f 0 (1710) → ππ) Γ(f 0 (1710) → KK) = 0.31 ± 0.05 .
For a pure, unmixed glueball, its decays to pseudoscalar pairs are expected to be flavor blind. Hence, decays to ππ, KK, ηη, η ′ η ′ and ηη ′ should have branching fractions proportional to 3 : 4 : 1 : 1 : 0 apart from the phase space factor. Therefore, Dobbs et al. concluded that f 0 (1710) is not a pure scalar glueball. By the same token, the large deviation of the experimental measurement [4] R(f 0 (1500)) ≡ Γ(f 0 (1500) → ππ) Γ(f 0 (1500) → KK) = 4.1 ± 0.5 (2) from the value of 3/4 also implies that f 0 (1500) cannot be a pure glueball either. Denoting N ≡ nn = (uū + dd)/ √ 2 and S ≡ ss, we write
with f 0i being f 0 (1370), f 0 (1500), f 0 (1710), respectively, for i = 1, 2, 3. At first sight, it appears that Eq. (1) implies α 3 < β 3 while Eq. (2) leads to α 2 > β 2 . However, this may be misleading because the nn component contributes to both ππ and KK, while ss contributes only to KK. Therefore, it is possible to accommodate R(f 0 (1500)) even with |α 2 | < |β 2 |. The above-mentioned flavor blindness of glueball decays is valid for J = 0 glueballs. For a scalar or pseudoscalar glueball, it cannot decay into a quark-antiquark pair in the chiral limit (see Sec. III.C below for discussion). Consequently, a large suppression of the ππ production relative to KK is expected in the spin-0 glueball decay, though it is difficult to quantify the effect of chiral suppression. Therefore, the ratio R(G) to be defined in Eq. (14) below will be naturally small. Comparison of this with Eqs. (1) and (2) suggests that f 0 (1710) is likely to have a large glueball component.
In the literature, there exist two different types of models for the mixing between the scalar glueball |G and the scalar quarkonia |N and |S (see [5] [6] [7] for reviews). In the first type of models, f 0 (1500) is composed primarily of a glueball with large mixing withstates, f 0 (1710) is predominately a ss state and f 0 (1370) is dominated by the nn content. In contrast, in the second type of models, f 0 (1710) is primarily a glueball state and f 0 (1500) is dominated by the ss component, while f 0 (1370) is still governed by the nn.
In our previous work [8] , we have employed two simple and robust results as inputs for the mass matrix which is essentially the starting point for the mixing model between scalar quarkonia and the glueball. We have shown that f 0 (1710) is composed primarily of a scalar glueball. In this work, we shall point out that new results from the unquenched lattice QCD calculation of the glueball spectrum, new measurements of radiative decays of J/ψ, a new lattice calculation of J/ψ → γG and new experimental results on the scalar meson contribution to B s → J/ψπ + π − all support the prominent glueball nature of f 0 (1710).
This work is organized as follows. In Sec. II, we first outline the general expected features of a pure glueball and then discuss two different types of models for the mixing between the glueball and quarkoina states. We proceed to discuss various signals for the existence of a scalar glueball, such as the lattice calculations of the glueball spectrum, the radiative decays of J/ψ to isosinglet scalar mesons, · · ·, etc. In the vicinity of f 0 (1710) there exist several possible other 0 ++ states. Their mixing effects are briefly discussed in Sec. IV. Discussion and conclusions are presented in Sec. V.
II. MODEL FOR SCALAR GLUEBALL-QUARKONIA MIXING
A pure glueball state is expected to exhibit the following features:
1. It is produced copiously in radiative J/ψ decays J/ψ → γgg (or QQ → γgg [9] ) as the glueball couples strongly to the color-singlet digluon.
2. It is suppressed in γγ reactions.
3. Its width is commonly believed to be narrow, say, of order 100 MeV, as inferred from the large-N c argument that the glueball decay width scales as 1/N 2 c , while the width of thestate is ∝ 1/N c . Hence, the very broad f 0 (500) does not appear to be a good scalar glueball candidate.
4. The decay amplitude for J = 0 glueballs is flavor symmetric, namely, its coupling is flavor independent. For spin-0 glueballs, the decay amplitude is subject to chiral suppression; a pure J = 0 glueball state (scalar or pseudoscalar) cannot decay into a massless quark pair or a photon pair to leading order. Consequently, the spin-0 glueball decay to mesons is sensitive to flavor or SU(3) breaking.
The above features provide qualitative criteria for distinguishing glueballs fromstates with the same quantum numbers. The suppression in γγ reactions is usually not a good criterion because the quark mixing can be adjusted in such a way that thestate has a weak or even vanishing coupling to two photons. A physical glueball state is an admixture of the glueball with thestate or even the tetraquark state with the same quantum numbers so that a pure glueball is not likely to exist in nature. In the following we shall consider two different types of models for the mixing of the scalar glueball with the scalar quarkonia:
(i) Model I: f 0 (1500) as primarily a scalar glueball Amsler and Close [1] claimed f 0 (1500) discovered at LEAR as an evidence for a scalar glueball because its decay to ππ, KK, ηη, ηη ′ is not compatible with a simplepicture. This is best illustrated in the argument given by Amsler [10] . Let |f 0 (1500) = cos α|N − sin α|S . The suppression of the KK production relative to ππ (cf. Eq. (2)) indicates that f 0 (1500) is nn dominated. This is also well established in pp and pp collisions. By contrast, the non-observation of f 0 (1500) in γγ reactions implies that f 0 (1500) is ss dominated. This is because Γ γγ ∝ (5 cos α − √ 2 sin α) 2 (see Eq. (24) below), and hence a small rate implies that α is close to 75 • . Obviously, the above two conclusions are in contradiction. This led Amsler to argue that f 0 (1500) is not astate but rather something else and suggested that it is primarily a glueball. This can explain why its γγ coupling is weak and why it is produced abundantly in pp and pp collisions. However, this interpretation has a difficulty with the large suppression of KK production relative to ππ.
A typical result of the mixing matrices obtained by Amsler, Close and Kirk [1] , Close and Zhao [11] , He et al. [12] and Yuan et al. [13] is the following 
taken from [11] . Eq. (4) will be referred as Model I. A common feature of these analyses is that, before mixing, the ss quarkonium mass M S is larger than the glueball mass M G which, in turn, is larger than the nn quarkonium mass M N , with M G close to 1500 MeV and M S − M N of the order of 200 ∼ 300 MeV. In this model, f 0 (1710) is considered mainly as a ss state, while f 0 (1370) is dominated by the nn content and f 0 (1500) is composed primarily of a glueball with possible large mixing withstates.
(ii) Model II: f 0 (1710) as primarily a scalar glueball
Based on the lattice calculations, Lee and Weingarten [14] found that f 0 (1710) to be composed mainly of the scalar glueball, f 0 (1500) is dominated by the ss quark content, and f 0 (1370) is mainly governed by the nn component, but it also has a glueball content of 25%. Their mixing matrix is 
In this scheme, M S = 1514 ± 11 MeV, M N = 1470 ± 25 MeV and M G = 1622 ± 29 MeV. To improve this model, it is noted in [8] that two crucial facts need to be incorporated as the starting point for the mixing calculation. First of all, it is known empirically that flavor SU (3) is an approximate symmetry in the scalar meson sector above 1 GeV. The multiplets of the light scalar mesons K * 0 (1430), a 0 (1450) and f 0 (1500) are nearly degenerate. In the scalar charmed meson sector, D * s0 (2317) and D * 0 (2400) 1 have very similar masses even though the former contains a strange quark. It is most likely that the same phenomenon also holds in the scalar bottom meson sector [15] . This unusual behavior is not understood as far as we know and it serves as a challenge to the existing hadronic models, but the degeneracy of a 0 (1450) and K * 0 (1430) is confirmed in the quenched lattice calculation [16] . This requires that there not be a ∼ 200 MeV difference between the ss state and the nn in the diagonal matrix elements in the mixing matrix as have been done in all the previous calculations. Second, a latest quenched lattice calculation of the glueball spectrum at the infinite volume and continuum limits based on much larger and finer lattices have been carried out [17] . The mass of the scalar glueball is calculated to be m(0 ++ ) = 1710 ± 50 ± 80 MeV. This suggests that M G should be close to 1700 MeV rather than 1550 MeV from the earlier lattice calculations [18] .
We begin by considering exact SU(3) symmetry as a first approximation for the mass matrix, namely, M S = M U = M D = M with M U,D,S being the masses of the scalar quarkonia uū, dd and ss, respectively, before mixing. In this case, two of the mass eigenstates are to be identified with a 0 (1450) and f 0 (1500) which are degenerate with the mass M before mixing. Taking M to be the experimental mass of 1474 ± 19 MeV of a 0 (1450), it is a good approximation for the mass of f 0 (1500) at 1505 ± 6 MeV [4] . Thus, in the limit of exact SU(3) symmetry, f 0 (1500) is an SU(3) isosinglet octet state |f octet =
) and is degenerate with a 0 (1450). In the absence of glueball-quarkonium mixing, f 0 (1710) would be a pure glueball and
and its mass is shifted down by 3 times the coupling between the uū, dd and ss states which is ∼ 100 MeV lower than M . When the glueball-quarkonium mixing is turned on, there will be additional mixing between the glueball and the SU(3)-singlet. As a result, the mass shift of f 0 (1370) and f 0 (1710) due to this mixing is only of order 10 MeV. Since the SU(3) breaking effect is expected to be weak, 1 In spite of its notation, the mass of D * 0 (2400) 0 , 2318±29 MeV, is almost identical to the mass of D * s0 (2317), 2317.8 ± 0.6 MeV [4] .
it can be treated perturbatively. The mixing matrix obtained in [8] (6) with M N = 1474 MeV, M S = 1498 MeV and M G = 1666 MeV will be referred as Model II. It is evident that f 0 (1710) is composed primarily of the scalar glueball, f 0 (1500) is close to an SU(3) octet, and f 0 (1370) consists of an approximated SU(3) singlet with some glueball component (∼ 10%). Unlike f 0 (1370), the glueball content of f 0 (1500) is very tiny because an SU(3) octet does not mix with the scalar glueball.
For other glueball-quarkonium mixing models in this category, namely, f 0 (1710) is predominantly a glueball, see [19] .
III. SIGNAL FOR SCALAR GLUEBALL AND ITS MIXING WITH QUARKO-NIUM
In this section we shall consider the calculations of the scalar glueball mass in quenched and unquenched lattice QCD, the radiative decay J/ψ → γf 0 , the ratio of f 0 decays to ππ and KK, the ratio of J/ψ decays to f 0 (1710)ω and f 0 (1710)φ, the scalar contributions to B s → J/ψπ + π − , and the near mass degeneracy of a 0 (1450) and K * 0 (1430). They will provide clues on the coefficients α i , β i and γ i in Eq. (3) for isosinglet scalar mesons f 0i . For example, the radiative decay J/ψ → γf 0i is sensitive to the glue content of f 0i , while the study of scalar contributions to B s → J/ψπ + π − can be used to explore the ss component of f 0i . For the study of the scalar glueball production in hadronic B decays, see [20] .
A. Masses from lattice calculations
Lattice calculations of the scalar glueball mass in quenched and unquenched QCD are summarized in Table I . Except for the earlier calculation by Bali et al. [18] , the mass of a pure gauge scalar glueball falls in the range of 1650−1750 MeV. The latest quenched lattice calculation of the glueball spectroscopy by Chen et al. [17] shows that the lightest scalar glueballs has a mass of order 1710 MeV. The predicted masses in quenched lattice QCD are for pure glueballs in the Yang-Mills gauge theory. The question is what happens to the glueballs in the presence of quark degrees of freedom? Is the QCD glueball heavier or lighter than the one in Yang-Mills theory? In full QCD lattice calculations, glueballs will mix with fermions, so pure glueballs does not exist. The first unquenched calculation carried out in [25] gives 1795 ± 60 MeV for the lowest-lying scalar glueball. It suggests that the unquenching effect is small; the mass of the scalar glueball is not significantly affected by the quark degree of freedom.
It is clear that both quenched and unquenched lattice calculations indicate that f 0 (1710) should have a large content of the scalar glueball. In principle, the percentage of the 0 ++ glue component [18] 1550 ± 50 H. Chen et al. (1994) [21] 1740 ± 71 Morningstar, Peardon (1999) [22] 1730 ± 50 ± 80 Vaccarino, Weingarten (1999) [23] 1648 In the glueball-quarkonia mixing models considered in Sec. II, the parameter M G is the mass of the scalar glueball in the pure gauge sector. In Model I, M G = 1464 ± 47 MeV in fit 1 and 1519 ± 41 MeV in fit 2 [11] , while it is of order 1665 MeV in Model II [8] . Obviously, the latter lies in the range of quenched lattice results for a pure scalar glueball.
B. Radiative J/ψ decays
The radiative decay J/ψ → γf 0 is an ideal place to test the scalar glueball content of f 0 since the leading short-distance mechanism for the inclusive decay J/ψ → γ + X is J/ψ → γ + gg. If f 0 (1710) is composed mainly of the scalar glueball, it should be the most prominent scalar produced in radiative J/ψ decays. Hence, it is expected that Γ(J/ψ → γf 0 (1710)) ≫ Γ(J/ψ → γf 0 (1500)).
Branching fractions of radiative decays of J/ψ to f 0 (1500) and f 0 (1710) measured by BES and CLEO are listed in Table II . When summing over various channels in the table, we obtain
and
where we have used the average of BES and CLEO measurements whenever both available. It is clear that the lower limit for the radiative decay of f 0 (1710) is one order of magnitude larger than f 0 (1500). Using the measured branching fractions B(f 0 (1500) → ππ) = 0.349 ± 0.023 and B(f 0 (1500) → ηη) = 0.051 ± 0.009 [4] , we find B(J/ψ → γf 0 (1500)) = (3.13 ± 0.73) × 10 −4 from f 0 (1500) → ππ, (3.23 ± 2.03) × 10 −4 from f 0 (1500) → ηη. Likewise, we have
where the branching fractions B(f 0 (1710) → KK) = 0.36 ± 0.12 and R(f 0 (1710)) = 0.32 ± 0.14 [28] have been used. 3 Therefore, we conclude that
The radiative decay of J/ψ to a scalar glueball has been studied by the CLQCD Collaboration within the framework of quenched lattice QCD [29] . The result is B(J/ψ → γG) = (3.8 ± 0.9) × 10 −3 .
Comparing this with Eqs. (10) and (11), it is edvident that f 0 (1710) has a larger overlap with the pure glueball than other scalar mesons as expected in Model II. In Model I, one may argue that the constructive interference between the ss and glueball components can lead to a large radiative J/ψ rate for f 0 (1710). On the other hand, since |f 0 (1500) = −0.41|N + 0.35|S − 0.84|G in this model, it is clear that the radiative J/ψ decay to f 0 (1500) is mainly governed by its glueball content as the constructive and destructive interferences between theand glueball components tend to cancel each other. Therefore, it will be difficult to understand why J/ψ → γf 0 (1500) is largely suppressed relative to f 0 (1710) if f 0 (1500) is primarily a glueball.
C. Ratio of f 0 decays to ππ and KK Since glueballs are flavor singlets, their decays are naively expected to be flavor symmetric. For example, considering a pure glueball decay into ππ and KK, we have
where the glueball couplings to two pseudoscalar mesons are expected to be flavor independent, namely, g KK = g ππ . In the SU(3) limit, R(G) = 3/4. Taking into account of phase space corrections, we find R(G) = 0.90 and 0.98 for M G = 1710 MeV and 1500 MeV, respectively. However, the above argument is no longer true for spin-0 scalar or pseudoscalar glueballs due to chiral suppression. It was noticed long time ago by Carlson et al. [30] , by Cornwall and Soni [31] and revitalized recently by Chanowitz [32] that a J = 0 glueball cannot decay into a quark-antiquark pair in the chiral limit, i.e., A(G → qq) ∝ m q . Consequently, scalar glueballs should have larger coupling to KK than to ππ. Nevertheless, chiral suppression for the ratio Γ(G → ππ)/Γ(G → KK) at the hadron level should not be so strong as the current quark mass ratio m u /m s . It has been suggested [33] that m q should be interpreted as the scale of chiral symmetry breaking. A precise estimate of the chiral suppression effect is a difficult issue because of the hadronization process from G →to G → ππ and the possible competing G →mechanism is not well-known [30, [33] [34] [35] . The only reliable method for tackling with the nonperturbative effects is lattice QCD. An earlier lattice calculation [36] 
which are in sharp contrast to the flavor-symmetry limit with g ππ : g KK : g ηη = 1 : 1 : 1. Although the errors are large, the lattice result did show a sizable deviation from the flavor-symmetry limit.
The experimental results
BESII from J/ψ → ω(KK, ππ) [37] , 0.20 ± 0.04 WA102 [38] , 0.31 ± 0.05 CLEO [3] , 0.32 ± 0.14 Albaladejo and Oller [28] , 0.41
BESII from J/ψ → γ(KK, ππ) [39] . (16) clearly indicate that the ππ production in f 0 (1710) decays is largely suppressed relative to KK. Theoretically, the ratio of ππ and KK productions in f 0i decays is given by [8] 
where α i , β i and γ i are the coefficients of the f 0i wave function defined in Eq. (3), p h is the c.m. momentum of the hadron h and the parameter r a denotes a possible SU(3) breaking effect in the OZI allowed decays when the ss pair is created relative to the uū and dd pairs. In Model II, f 0 (1710) has the smallest content of ss (see Eq. (6)) even though it decays dominantly to KK; the smallness of R(f 0 (1710)) arises from the chiral suppression of scalar glueball decay. Specifically, the parameters g ππ = 0.10, g KK = 3.15 g ππ and r a = 1.22 were chosen in [8] . The ratio g ππ : g KK = 1 : 3.15 is consistent with the lattice calculation (15) . Substituting Eq. (6) into Eq. (17) leads to R(f 0 (1710)) ≈ 0.33 . Note that for a pure glueball, R(G) ≈ 0.09 for M G = 1665 MeV. Although f 0 (1500) in Model II has the largest content of ss, the KK production is largely suppressed relative to ππ due to the destructive interference between nn and ss components
The experimental value of 4.1 ± 0.5 for R(f 0 (1500)) [4] can be fitted with two possible solutions
Setting r a = 1 for the moment, we are led to β 2 ≈ 0 or β 2 /α 2 ≈ − √ 2 . The second solution is nothing but a flavor octet f 0 (1500) as advocated in Model II before. With a small SU(3) breaking in the parameter r a , namely, r a = 1.22, we obtain R(f 0 (1500)) ≈ 4.1 in excellent agreement with experiment. The above discussion explains why the measurement of R(f 0 (1500) favors the flavor octet nature of f 0 (1500).
In Model I, f 0 (1500) is dominated by the glueball content. Since R(G) is of order unity for flavor-independent couplings, and will become even smaller in the presence of chiral suppression, one needs a largemixing with the glueball component in order to accommodate the experimental result of R(f 0 (1500)) in this model. The destructive interference between the nn and ss components have to be adjusted in such a way that the production of the KK pair is severely suppressed so that the quark component alone will lead to a very huge R(f 0 (1500)) to compensate for the smallness of R(f 0 (1500)) produced by the glueball component. From Eq. (17) with r a = 1 and g ππ = g KK = 1 and the wave function |f 0 (1500) = −0.41|N + 0.35|S − 0.84|G , we find R(f 0 (1500)) = 1.9 which is slightly smaller than the value of 2.4 obtained in [11] . At any rate, the predicted ratio R(f 0 (1500)) is still smaller than experiment.
Can the experimental ratio R(f 0 (1500)) be accommodated in Model I ? To see this, we notice that
in this model. By the same token as before, the experimental measurement can be accommodated by having either β 2 + γ 2 ≈ 0 or √ 2α 2 + β 2 + 3γ 2 ≈ 0. Neither of the relations can be satisfied in Model I with α 2 = −0.41, β 2 = 0.35 and γ 2 = −0.84 . It thus appears that it is difficult to explain the ratio of ππ and KK productions in f 0 (1500) decays in Model I. Furthermore, in the presence of chiral suppression, the discrepancy between Model I and experiment becomes even worse.
D. Ratio of J/ψ decays to f 0 (1710)ω and f 0 (1710)φ Experimentally, J/ψ → ωf 0 (1710) has a rate larger than J/ψ → φf 0 (1710). This is easily understood in Model II because the nn content is more copious than ss in f 0 (1710). Indeed, the prediction of Γ(J/ψ → ωf 0 (1710))/Γ(J/ψ → φf 0 (1710)) = 4.1 [8] is consistent with the observed value of 3.3 ± 1.3 [4] . If f 0 (1710) is dominated by ss as advocated in Model I, one will naively expect a suppression of the ωf 0 (1710) production relative to φf 0 (1701). One way to circumvent this apparent contradiction with experiment is to assume a large OZI violating effect in the scalar meson production [11] . That is, the doubly OZI suppressed process (i.e. doubly disconnected diagram) is assumed to dominate over the singly OZI suppressed (singly disconnected) process [11] . In contrast, a larger Γ(J/ψ → ωf 0 (1710)) rate over that of Γ(J/ψ → φf 0 (1710)) is naturally accommodated in Model II without asserting large OZI violating effects.
E. Scalar resonance contributions to B s → J/ψπ + π − Resonant structure of B s → J/ψπ + π − has been studied recently by Belle [40] and LHCb [41, 42] . [41] , but it was then assigned to f 0 (1500) in the latest LHCb study [42] . The possible resonances considered by LHCb include f 0 (500), f 0 (980), f 2 (1270), f 0 (1500), f ′ 2 (1525), f 0 (1710), f 0 (1790) and ρ(770). LHCb has carried out two different fits for the fit fractions of various scalar resonances. In Table III we list the fit fractions for f 0 (980), f 0 (1500) and f 0 (1790).
Because of the spectator s quark of B s , the isosinglet scalar resonance f 0 produced in B s → J/ψf 0 decays should have a sizable ss component. It is well known that f 0 (980) is predominated by ss. Indeed, we learn from Table III 
Using the narrow width approximation, However, it will not modify the pattern shown in Eq. (23) . Evidently, Model II is much favored while Model I is ruled out because the measured π + π − spectrum is peaked near the invariant mass M (π + π − ) = 1.50 GeV and its rate is much higher than that at M (π + π − ) = 1.71 GeV (see Figs. 16 and 17 of [42] ). Hence, we conclude that the LHCb data on the scalar resonance contributions to B s → J/ψπ + π − imply the ss content abundant in f 0 (1500) and negligibly small in f 0 (1710).
F. Near mass degeneracy of a 0 (1450) and K * 0 (1430) SU(3) symmetry leads naturally to the near degeneracy of a 0 (1450), K * 0 (1430) and f 0 (1500). However, in order to accommodate the observed branching ratios of strong decays, SU(3) symmetry needs to be broken slightly in the mass matrix and/or in the decay amplitudes. One also needs M S > M U = M D a little bit in order to lift the degeneracy of a 0 (1450) and f 0 (1500).
In Model I, M S − M N = 317 ± 25 MeV in fit 1 and 378 ± 8 MeV in fit 2 [11] . Therefore, it cannot explain the near mass degeneracy in this model. In Model II, M S − M N = 25 MeV which is much smaller than the constituent quark masses.
G. f 0 production in γγ reaction
The scalar meson f 0 (1500) was not seen in γγ → K S K S by L3 [43] , nor in γγ → π + π − by ALEPH [44] . However, a resonance observed in γγ → π 0 π 0 by Belle [45] is close to the f 0 (1500) mass, though it is also consistent with f 0 (1370) because of the large errors in the experiment and the large uncertainty in the f 0 (1370) mass. f 0 (1710) has been seen in γγ → K S K S [43, 46] . The 2γ couplings are sensitive to the glueball mixing with qq. In general, we have
It follows that Γ f 0 (1370)→γγ : Γ f 0 (1500)→γγ : Γ f 0 (1710)→γγ = 8.9 : 1.0 : 1.6 Model I, 9.3 : 1.0 : 1.7 Model II,
apart from phase space factors. Hence, the absence of f 0 (1500) in γγ reactions does not necessarily imply a glueball content for f 0 (1500). Note that in Model II f 0 (1500) has the smallest 2γ coupling of the three states even though it has the least glue content. Indeed, it is known that the weak 2γ coupling is not a good criterion to test the nature of a glueball because thestate can also have a weak coupling to two photons by adjusting the coefficients α i and β i .
H. f 0 production in pp collision
Crystal Barrel did not see f 0 (1710) in pp → ηηπ 0 [47] . This non-observation of f 0 (1710) in pp has been used to argue that it is ss dominated. However, this argument is moot since the analysis of [48] based on WA102 data and Fermilab E835 experiment [49] saw both f 0 (1500) and f 0 (1710) in pp → ηηπ 0 .
IV. NEARBY RESONANCES
In the vicinity of f 0 (1710) there exist several other 0 ++ states such as f 0 (1790) and X(1812), f 0 (2020) and f 0 (2100). The former was seen in J/ψ → φπ + π − by BESII with mass 1790 [52] . Given the very proximity of their masses with f 0 (1710), it is not clear if f 0 (1790) and X(1812) are new states distinct from f 0 (1710). This is one of several reasons why the glueball is so elusive.
If we suppose f 0 (1790) and X(1812) are truly new states, then the question is how to accommodate these two new states out of nn, ss and G? The addition of these two states into the picture requires an enlargement of the basis. In QCD, the next simplest states having the quantum numbers compared with the quarkonia and glueball basis are the hybrid basis composed of an antiquarkq, a quark q, and a gluon g, i.e. qqg which contains two independent 0 ++ states, (uū + dd)g/ √ 2 and ssg. It has been proposed in [12] that they are scalar hybrids: f 0 (1790) is primarily (uū + dd)g/ √ 2, while X(1812) is a ssg hybrid state. The analysis of [12] seems to imply that the mixing pattern, for example, Eq. (4), is not affected by the extra new states.
V. DISCUSSION AND CONCLUSIONS
In this work we have considered lattice calculations and experimental data to infer the glue andcomponents of the isosinglet scalar mesons. The scalar glueball mass calculated in quenched and unquenched lattice QCD and the experimental measurement the radiative decay J/ψ → γf 0 clearly indicate a dominant glueball component in f 0 (1710). The measured ratio of f 0 (1710) decays to ππ and KK implies the importance of chiral suppression effects in scalar glueball decays to two pseudoscalar mesons. The LHCb data on the scalar resonance contributions to B s → J/ψπ + π − imply the ss content abundant in f 0 (1500) and negligible in f 0 (1710). The observed ratio of J/ψ decays to f 0 (1710)ω and f 0 (1710)φ suggests that the nn component of f 0 (1710) should be more copious than the ss one. The near mass degeneracy of a 0 (1450) and K * 0 (1430) demands a small mass difference between the model parameters M S and M N . We have shown explicitly that if f 0 (1500) is dominated by thecomponents, then the experimental ratio of f 0 (1500) decays to ππ and KK will require f 0 (1500) be predominately a flavor octet. This is consistent with the near degeneracy of a 0 (1450) and K * 0 (1430). The comparison of two different types of models for the to have a large glue component, whereas f 0 (1500) is dominated by the quark content. We conclude that all the analyses in this work suggest the prominent glueball nature of f 0 (1710) and the flavor octet structure of f 0 (1500).
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